Abstract. We developed a scanning SQUID microscope utilizing DC SQUID with novel readout electronics capable of sensing coherent magnetic fields from 50 to 200 MHz. To overcome the bandwidth limitation of traditional closed-loop SQUID magnetometers, we employ a flux-modulated closed loop to simultaneously lock the quasi-static magnetic flux and flux-bias the SQUID for amplification of RF flux. Demodulating the SQUID voltage with a double lock-in technique yields the signal proportional to the amplitude and phase of RF magnetic field. We describe the system performance and present images of a variety of samples.
Introduction
DC SQUIDs have been prominently employed as ultra-sensitive magnetic detectors in biology, medicine, magnetic property measurement systems, magnetic resonance imaging, and scanning SQUID microscopy (e.g., see [1] ). In resistive state the SQUID voltage is a non-linear function of magnetic flux, with a period equal the magnetic flux quantum 0  . To linearize the SQUID transfer function, practical SQUID magnetometers utilize an external closed loop (e.g., see [2] ). There, magnetic flux oscillating at kHz frequency is applied to the SQUID via modulation coil. The SQUID voltage is amplified, demodulated by a lock-in detector, inverted, integrated, and fed back into the modulation coil. If the SQUID quasi-static flux equals ... , 2 , 1 , 0 , 0   n n the lock-in output is zero since the SQUID voltage contains no fundamental harmonic. If the flux is greater or less than 0  n , the lock-in output is positive or negative, respectively, due to a fundamental harmonic present in the SQUID voltage. This produces a compensating flux equal and opposite to offset of the quasi-static flux from 0  n , thereby "locking" the net SQUID flux at 0  n . Although DC SQUIDs possess GHz intrinsic bandwidth (e.g., see [3] ), the transmission line delay between the sensor and room temperature electronics fundamentally limits the closed-loop bandwidth by 20 MHz [2] . While substantial efforts had been spent increasing it up to 100 MHz [4] , it was finally concluded that a wideband linearization of the closed-loop SQUIDs is not feasible [5] . Conversely, several scanning SQUID microscopes were designed for sensing microwave magnetic fields in the open-loop regime. R. Black, et al. made use of the SQUID nonlinearity to rectify fields up to 50 MHz [6] . They also designed a near-field scanning SQUID microwave microscope, which frequency can be set up to 200 GHz by the Josephson relation [7] . J. Matthews, et al. developed a SQUID microscope capable of measuring GHz fields via using hysteretic SQUID with the pulsed sampling technique [8] . The open-loop nature, however, makes these techniques unfeasible for practical applications due to limited linearity response and susceptibility to variations in the background (static) magnetic field. This paper presents a scanning SQUID microwave microscope capable of imaging coherent magnetic fields from 50 to 200 MHz while retaining the advantages of a closed-loop system. 
Principle of SQUID operation
where G is the magnetometer small-signal sensitivity. LNA is the low-noise RF amplifier, ATT is the variable RF attenuator, LO are the lock-in local oscillators.
Experimental setup

SQUID electronics
We utilized a direct-coupled YBa 2 Cu 3 O 7 SQUID on bi-crystal SrTiO 3 substrate with effective loop area of 1000 m 2 and single modulation coil, with AC flux noise <10  0 /Hz at 5 kHz. To assess the method performance, the IF lock-in output was measured vs. RF flux at 190 MHz with the SQUID held at 77.4 K inside liquid nitrogen Dewar. At smaller  RF the dependence is linear, limited by the noise floor <410 -6  0 /Hz, that is close to the white noise limit of 110 -6  0 /Hz (see Fig. 3 ). At larger  RF the IF signal reaches maximum near  RF~0 .2 0 due to the SQUID non-linearity. This yields a linear dynamic range of four orders in magnitude. A linear fit to the small signal data (see Fig. 3, inset) yields sensitivity G = 62 V/ 0 . 
Scanning SQUID Microscope
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The RF electronics was installed onto a commercial scanning SQUID microscope platform described in details elsewhere [9] . The SQUID sensor is cooled down to 77 K by a closed-cycle refrigerator and mounted inside a vacuum housing near the 25-m-thick diamond window, which provides thermal isolation of the SQUID while allowing samples to be imaged in air at room temperature. Samples are mounted onto an x-y scanning table and can be brought to within about 50 μm of the window for imaging component of magnetic field normal to the sample. An inversion utilizing fast Fourier transform is employed to convert the magnetic field into a 2D current density image [10] . Fig. 5 shows the z-component of magnetic field in travelling wave propagating in a coplanar waveguide (CPW) at 200 MHz (see Fig. 5 ). This image confirms, in particular, that our technique senses both the amplitude and phase of RF magnetic field. Fig. 7 shows the 169 MHz image of a surface mounted device antenna mounted onto evaluation board with CPW feedline [11] . The anomalous current seen in one of the capacitors in the impedance matching circuit was incidentally caused by shifting the antenna bandwidth away from the nominal bandwidth of 164-175 MHz due to the groundplane formed by an aluminum chuck holding the sample. 
Imaging examples
Travelling wave in CPW
Standing wave in microstrip transmission line
Electrically small SMD antenna
Conclusion
We designed a scanning SQUID microwave microscope operating over frequency range of 50 to 200 MHz. This is limited by the bandwidth of commercial RF lock-in and may be extended into GHz range. With the sample held at room temperature and the direct-coupled 30-m-sized SQUID at 77K, the microscope noise is 8 pT/Hz @ 200 MHz. The linear dynamic range of four orders in magnitude suffices for virtually all scanning applications, such as failure analysis (FA) and design verification of semiconductor and RF integrated circuits.
